III-Nitrides (AlGaInN) are a unique semiconductor material system offering a wide direct bandgap that can be flexibly tuned over the complete spectral range from deep ultraviolet ($6.2 eV) to nearinfrared ($0.7 eV). Two key spectral regimes (Ultraviolet (UV) and Visible) have drawn most of the attention historically. However, recently, higher control over material and interface quality and growth engineering has enabled the use of intersubband (ISB) transitions to access a new spectral regime: Terahertz (THz). In all three of these key regimes, III-Nitride optoelectronic devices promise more reliability and higher efficiency. In addition, III-Nitrides being environmentally friendly, robust, and compact diversify their application span from everyday life to the military and even into outer space.
In 1992, Prof. M. Razeghi joined Northwestern University and founded the Center for Quantum Devices (CQD). In January of 1994, through a collaboration between Prof. Razeghi and Aixtron, the World's first commercial reactor designed for the growth of GaN, i.e., the Aixtron 200-4/HT metal-organic chemical vapor deposition (MOCVD), was designed and installed at Northwestern University. The CQD immediately entered the growing III-Nitride arena and began a journey that would leave behind a legacy of pioneering research and numerous World's first discoveries, covering everything from material development, to light-emitting diodes (LEDs) and laser diodes (LDs), to UV photodetectors, focal plane arrays (FPAs), and avalanche photodiodes (APDs) [1] , [2] . In this paper, we review world's first demonstrations and present current state-of-the-art III-Nitrides research from UV toward THz.
The UV region is very important as many biological agents (such as anthrax and the plague) are luminescent in the UV. Scattering of short-wavelengths in the atmosphere also enables non-line-ofsight secure ground-based communications. Similarly, strong absorption of UV in the ozone layer below 280 nm creates a so-called Bsolar-blind[ regionVfree of background noiseVfor terrestrial applications, as well as promises secure space-to-space communications. UV emitters and detectors also find applications in astronomy for cosmic events analysis and in space exploration. These unique applications are only possible by compact and high performance UV emitters and detectors. The Al x Ga 1Àx N material system covering the 200-365 nm regime is an excellent material choice for these devices.
By the mid-1990s, despite large lattice mismatch to sapphire substrate ($16%), high-quality AlN and AlGaN regrowth was established, and UV GaN photovoltaic diodes and Al x Ga 1Àx N photoconductors ð0 X 1Þ were demonstrated. Shortly thereafter, improved p-doping in AlGaN enabled shortest wavelength AlGaN photodiodes and improved quantum efficiency (! 68%) of solar-blind ð 280 nmÞ p-i-n photodiodesVleading to integrated III-Nitride optoelectronic devices such as 320 Â 256 FPAs [1] , [2] .
Currently, with the maturing growth and processing technology, more advanced detector structures benefiting from avalanche gain mechanisms are being realized in order to outperform bulky UV photomultipliers. These state-of-the-art UV APDs possess gains of 51 000 [see Fig. 1(a) ], and (via Geiger-mode operation) enables UV single photon detection with efficiencies as high as 33% [3] . The use of III-Nitride APDs presents key advantages such as lower operation voltages, much reduced sizes, and no need for cooling, which enable the fabrication of more compact, lower power, and all-solid-state APD/complementary metal-oxide semiconductor integrated arrays, which are suitable for integration into satellites, airplanes, and military vehicles for secure communication and aerial countermeasures. Although these results motivate single photon UV FPAs, further material and growth improvements are essential for these applications to replace existing systems.
In the UV emitter side, since the first demonstrations of 280-nm and 265-nm solar-blind UV LEDs in the early 2000s, recent material improvements have led to deep UV LEDs with 210-nm emission. However, the performance of solar-blind ð 280 nmÞ UV LEDs still suffers from material quality, and their wall-plug-efficiency (WPE) is limited to $3% [4] [5] [6] . For the UV LDs, the situation is much worse. Due to a lack of cleavage planes, mirror formation is quite difficult, and optical confinement layers with higher aluminum content than the active layer degrade the device quality and, hence, the performance. Today, UV LDs cannot be realized for G $ 335 nm [4] [5] [6] . Despite these problems, recent electron beam excitation of AlGaN quantum wells demonstrated 40% efficiency at 240-nm emission [4] [5] [6] . This motivates further work on high-power efficient AlGaN solar-blind LEDs as well as solar-blind LDs. A high-quality freestanding (FS) AlN substrate with controlled crystal directions (polar versus nonpolar) could enable such breakthroughs in this wavelength regime.
Visible LEDs are important for solid-state lighting (SSL), which holds promise for more energyefficient, longer lasting, more compact, and lower maintenance substitutes for today's incandescent and fluorescent light sources. The total annual energy consumption in the U.S. for lighting is approximately 800 TW-h at a cost of $80 billion to the public. This corresponds to greenhouse gas emissions equivalent to more than 70% of the emissions from all the cars in the world. Thus, novel solutions to lighting with higher efficiency are critical to reducing global energy consumption and helping to lower greenhouse gas emissions.
The human eye is sensitive only to light in the visible spectrum, ranging from violet ð $ 400 nmÞ through red ð $ 700 nmÞ. However, the human eye is most sensitive to green ð $ 555 nmÞ, and green light strongly affects the human perception to the quality of white light. Although ultrabright and efficient blue InGaN-based LEDs (WPE $50.8%)/LDs (WPE $ 24.3%) are readily available (that enabled blue-ray technology), the performance of green LEDs (WPE $ 5%) is still far from adequate for lighting use. This Bgreen gap[ prevents the generation of high performance white LEDs based on color mixing. Instead, state-of-the-art white LEDs employ blue LEDs with phosphor down conversion, lowering the WPE ($39.5%) [7] , [8] .
LEDs based on In x Ga 1Àx N alloy are currently the most promising candidates for fulfilling the green gap. However, the high indium content ($30%) required in the active layers for green emission causes indium leakage problems and quantum confined stark effect (QCSE). In particular, the high indium content of the In x Ga 1Àx N enabling green light emission becomes unstable and diffuses at the elevated substrate temperatures that are necessary for p-GaN capping, and the resulting carrier overflow due to QCSE degrades the spectral quality and performance. This is conventionally prevented by thinner InGaN quantum well and thicker GaN quantum barrier designsVthat is not ideal for emitter standpoint. These tradeoffs between theoretical and experimental optimal designs lead to efficiency droopVespecially for higher indium content green emittersVlowering the LED performance from blue toward green. However, the emerging FS GaN substrates show promise, whereas demonstration of high power green LDs (9 50 mW) motivates new applications such as hand-held projectors [7] , [8] .
Recently, ZnO/InGaN-based novel green LEDs [see Fig. 1(b) ] have been introduced [9] , [10] . Using a similar approach in the blue counterpart, these hybrid LEDs achieved as high as 35% WPE and have been shown to perform as well as conventional ones but at less cost. As indium and gallium are rare materials and ZnO has a small lattice mismatch to GaN ($1.9%), more of these ZnOV(In)GaN hybridizations are expected as higher quality ZnO materials and emerging affordable ZnO substrates come into play [9] , [10] . All these worldwide efforts will soon enable SSL in our daily lives.
Today's world uses energy at a yearly rate of 13 TW. The reserves of fossil fuels that currently power society will fall short of this demand over the long term, and their continued use produces harmful side effects such as pollution that threatens human health and greenhouse gases associated with climate change. Our primary source of clean, abundant energy is the sun. The sun deposits 120 000 TW of radiation on the surface of the earthVfar exceeding human needs, even in the most aggressive energy demand scenarios.
Most present production of solar power is based on crystalline silicon cells: the first-generation technology. The second generation, which is now starting to be commercialized, is based on thinfilm cells and cells made from inexpensive oxide semiconductor materials coated with lightsensitive dyes and from photoactive organic polymeric materials. These approaches may yield much lower costs but, at present, have significantly lower conversion efficiencies. The gamechanging breakthrough needed from third-generation cells is both lower cost and very high conversion efficiency, which will require entirely new paradigms for photon capture and conversion. High-efficiency solar cells (SCs) can be produced currently by combining semiconductor materials in a tandem cell structure to capture far more of the energy in sunlight. The trouble is that the cost per unit area of these cells is 200 times more expensive than first-generation cells.
With the recent revision of the InN bandgap as $0.7 eV, the InGaN material system is useful for photovoltaic applications due to the possibility of fabricating not only high-efficiency multijunction (MJ) SCs but third-generation devices such as intermediate-band SCs based solely on the nitride material system as well. While the maximum reported efficiency for a SC is $40% at 364 suns, which is achieved by a triple-junction GaInP-GaInAs-Ge tandem, such devices are approaching maturity in terms of efficiency limits. For tandem SCs, it is more convenient to grow MJ InGaN SCs in a MOCVD equipment than to grow the present InGaP-based MJ SCs using different kinds of semiconductors. More importantly, the lattice-match and the thermal expansion match between the layers in InGaN tandem SCs could be much better within the same alloy system. Detailed balance modeling indicates that in order to achieve practical terrestrial photovoltaic efficiencies of greater than 50%, materials with bandgaps greater than 2.4 eV are required. In addition to the wide bandgap range, the nitrides also demonstrate favorable photovoltaic properties such as low effective mass of carriers, high mobilities, high peak and saturation velocities, high absorption coefficients, and radiation tolerance. Recent works on InGaN SCs demonstrated conversion efficiencies of $2%Vrequiring for further material and design improvements [11] , [12] .
Terahertz wavelengths penetrate through nonconductors (fabrics, wood, and plastic), enabling a more efficient way of performing security checks (e.g., at airports). Being a nonionizing radiation, THz radiation is environmentally friendly, enabling a safer analysis environment than conventional X-ray based techniques. Due to deep penetration depth through body and tissue selectivity, THz waves are employed in medicine for cancer cell detection, as well as for bone analysis. THz spectroscopy can also be used to enable identification of pharmaceutical ingredients (for example, in drugs) and explosives. Thanks to the large longitudinal optical phonon energy (90 meV), III-Nitrides is a promising candidate for room temperature (RT) operation of THz quantum cascade lasers (QCLs). Realization of a THz QCL requires precise control over material and interfaces necessary to form the intersubband levels and allow injection via tunneling between levels.
Recently, many groups have worked on III-Nitride ISB devices and demonstrated ISB transitions from near-to mid-infrared wavelengths (1-5 m) at RTVlimited by sapphire absorption. By switching to silicon substrate, ISB transitions were demonstrated up-to THz wavelengths at 4 K [13] , [14] . Another significant demonstration has been regarding the injector part of the QCLs-quantum tunneling. With the recent commercial availability of lattice-matched FS GaN substrates and polarization-free-engineered AlGaN/GaN active layers on nonpolar substrates, reliable and reproducible RT negative differential resistance in resonant tunneling diodes was demonstrated, proving for the first time (irrespective of growth technique) that reliable and reproducible quantum tunneling is possible in III-Nitrides [see Fig. 1(c) ] [15] . These recent experimental demonstrations provide motivation toward the eventual realization of RT THz QCLs based on III-Nitrides.
In conclusion, since early 1990s, interest in III-Nitride optoelectronics has continued to increase: first, thanks to UV and visible regimes and, more recently, to ISB devices from the infrared toward THz. With continuing developments in material growth and design and emerging FS substrates, this miracle material system is bound to penetrate increasingly more into research areas and our lives.
